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I.  OBJBCnVB 


A  study  is  carried  out  of  the  oxygen  adsorption  mechanism  at  the 
surface  of  materials  that  could  he  incorporated  in  oxygen  electrodes  for 
operation  in  aqueous  electirolytes  or  other  electrolytes  at  moderate  tenq^ra- 
tures.  Infonnation  resulting  from  these  studies  is  to  provide  a  new  basis 
for  further  oxygen  electrode  developnent  work. 
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II.  ABSIRACT 

The  vork  reported  here  Is  a  eontlnuatloa  of  the  .wzk  done  under 
a  previous  contrast  DA-36-059-^C-89138. 

Tfl 

An  Isq^roved  method  for  studying  the  exchange  of  oxygen  with  0 
pre-adsorhed  on  a  metal  surface  is  reported.  Detailed  Information  on  the 
nature  of  the  chemisorbed  oxygen  on  silver  and  the  Isotopic  exchange  mechanism 
at  200 *C  vas  obtained.  The  rates  of  chemisorption  and  dissociation  were 
determined,  ^Ich  are  two  distinct  processes  beyond  a  certain  oxygen  coverage. 

Oxygen  pressure  versus  tegqperature  characteristics  and  Isotopic 
exchange  reactions  on  carefully  cleaned  silver  and  silver-gold  alloy  powder 
surfaces  are  rej^rted.  The  powders  were  all  prepared  by  a  spark  erosion 
method.  A  strong  Increase  In  the  exchange  activity  was  obtained  at  elevated 
teuQwratures  by  dilution  of  the  silver. 

With  pure  silver  at  room  tenqperature  a  dissociative  oxygen  exchange 
vas  observed  which  decreased  with  time.  A  palladium  powder  (of  ccasaerclal 
origin)  vas  active  only  above  100*C. 

In  presence  of  water,  the  chemisorption  of  oxygen  on  silver  vas 
strongly  retarded  at  moderate  tenqperatures.  On  paUadiia,  under  similar 
conditions,  no  exchanged  oxygen  was  found  In  the  gas  phase  although  the 
Isotopic  cosgposltlon  of  the  water  showed  that  oxygen  bad  exchanged  with  It. 
Oxygen  In  presence  of  water  at  moderate  temperatures  thus  appears  to  be 
reactive  only  In  form  of  adsorbed  OH. 
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III.  INTOODOgnPN 

!nie  voric  presented  In  this  report  is  a  continuation  of  the  Investi¬ 
gation  under  the  previous  Contract  M-36-O39-SC-89138.  Most  of  the  methods 
en^loyed  In  the  present  voric  are  essentially  the  same  as  previously  descrlTsed. 
For  a  better  understanding  of  the  methods  and  the  purpose  of  the  measurements 
the  reader  Is  advised  to  consult  the  Final  Report  (Report  No.  3)  of  the  previous 
contract. 
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2V.  RESULTS 

1.  Oxygen  Exchange  on  Gold 

A  final  experiment  vas  performed  with  a  carefully  cleaned  gold 

surface  (cf.  Final  Report,  page  k6).  In  the  presence  of  vater  vapor  0.2 

iS 

atmospheres  of  a  O'**  ^  2  contacted  with  the  gold  at  room 

l8 

temperature.  No  measurable  amount  of  0  0  was  formed  within  one  week. 

The  half  life  of  the  exchange  must  have  been  larger  than  40,000  hours.  Clean 

gold  does  not  activate  oxygen  with  or  without  water  present.  We  calculate 

that  an  electric  current  (if  it  could  be  produced  via  a  dissociative  oxygen 

adsorption  mechanism  under  our  experimental  conditions)  would  certainly  have 
-10  2 

to  be  smaller  than  10  anqp  per  cm  of  effective  surface  area. 

2.  The  Exchange  of  Oxygen  with  Pre-Adsorbed  Oxygen  on  Silver  (V)  at  200 *C 
The  exchange  experiments  with  pre-adsorbed  oxygen  on  silver  were 
continued  In  order  to  obtain  more  Information  on  the  mechanism  of  the  exchange 
reaction.  The  previous  experiments  (cf.  Final  Report,  page  55)  had  shown 
the  existence  of  a  molecular  chemisorption  In  addition  to  an  atomic  adsorption 
at  200 “C. 

The  method  has  now  been  improved,  allowing  the  study  of  the  kinetics 
of  adsorption  and  exchange  In  considerable  detail.  As  will  be  seen  from  the 
experiments  described  In  the  following  pages,  adsorption  of  oxygen  beyond  a 
certain  coverage  takes  place  In  fom  of  molecules;  adsorption  and  exchange 
then  are  two  distinct  consecutive  processes.  Kinetic  data  on  these  sepeurate 
processes  have  been  obtained  and  it  Is  hoped  that  a  correlation  with  electrode 
mechanisms  will  be  possible  when  the  corresponding  electrochemical  experiments 


have  been  carried  out. 
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Ebcperlmental  Procedure;-  Seven  runs  were  made  with  20  gn  of  silver  powder 

(Ebndy  and  Haman,  99-999^  pure)  In  a  vessel  of  about  l40  cc.  Proper  choice 

of  the  vessel  size  and  surface/volisse  ratio  made  It  possible  to  make  a  large 

number  of  measurements  In  each  run  without  appreciable  depletion  of  the  gas 

l6 

In  the  system.  Neon  (in  excess)  was  admixed  to  the  0  ^  and  argon  to  the 

18  l6  l8 

0  ^  experiments  0  ^  was  pre-adsorbed  and  0  g  added  later, 

In  the  others  the  reverse  procedure  was  adopted.  Small  gas  saoqples  were 

withdrawn  at  regular  time  Intervals.  The  absolute  amount  In  cc  (at  1  atm.  and 

25  *C)  was  deteznlned  for  each  conponent  by  measuring  the  pressure  of  the  sanq^le 

In  a  standard  3  liter  volume  and  by  analysis  of  the  conqposltlon  In  the  mass 

spectrometer  (Consolidated  Electrodynamics  Corp.,  Model  21-103C).  At  the 

end  of  a  run  the  entire  amount  of  neon  and  of  argon  left  In  the  vessel  was 

measured  by  repeated  expansion  Into  the  standard  3  liter  volume  and  analysis. 

The  amount  of  each  type  of  oxygen  In  the  gas  phase  as  well  as  In  the  absorbed 

phase  at  any  given  time  can  then  be  calculated.  The  sanQ)le  was  first  degassed 

several  days  on  a  separate  vacuum  system  at  Increasing  temperatures,  cleaned 

with  oxygen  and  hydrogen  up  to  320*C  and  again  pumped.  After  the  first  run. 

Immediately  before  a  new  run  was  started,  the  sample  was  subjected,  at  500  *C, 

to  short  contacts  with  oxygen  and  hydrogen,  followed  by  pumping  for  half  an 

hour  and  cooling  to  the  reaction  tenperature  (200”C)  In  helium. 

For  the  sake  of  brevity,  only  the  results  of  two  runs  will  be 

given  \dilch  represent  the  two  extremes  In  coverage  so  far  Investigated. 

Table  la  gives  the  mass  spectrometrlc  analyses  of  the  first  run.  !]3ie  oxygen 

adsorption  Is  easily  recognized  qualitatively  from  the  change  of  the  ratios 
X8 

Ne  /O  g  and  A/O  g  given  In  the  last  two  columns  in  Table  la.  Table  lb  is 
a  balance  sheet,  giving  the  total  amounts  of  the  various  gases  added  and 
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vlthdravn  from  the  system. 

In  Fig.  1  the  changes  taking  place  In  the  gas  phase  are  repre¬ 
sented.  nie  amounts  (in  cc)  of  various  types  of  oxygen  and  their  totals 

are  plotted  as  a  function  of  time.  Of  the  O.36  cc  of  admitted,  about 

18  16  18 

one  half  Is  adsorbed.  After  50  minutes  0.207  cc  of  0  plus  some  0'‘'”0''’” 
contained  In  the  heavy  oxygen,  are  admitted.  It  Is  seen  from  the  curve 
"Total  Oxygen"  that  some  further  adsorption  of  the  mixture  takes  place. 

18 

Ihmiedlately  upon  contact  of  the  O'**  g,  0  ”  Is  evolved  In  molecular  fom.  It 
la  particularly  significant  that  In  the  Initial  20-30  minutes  after  contact 

18  18 

of  the  0'*' g  no  Is  fonned.  The  overall  atomic  exchange  reaction  thus 

consists  of  two  distinct  consecutive  steps:  the  molecular  chemisorption  and 
the  atomic  exchange  reaction  in  the  surface  layer.  The  experiment  shows 
In  a  partlculcurly  clear  manner  the  existence  of  a  molecular  chemisorption. 

Data  of  another  run,  performed  at  lower  pressures,  are  given  in 
Tables  2a  and  2b  (run  No.  2).  The  changes.  In  the  gas  phase  are  represented 

x8 

in  Fig.  2.  Here  O'**  g  was  admitted  first  and  In  smaller  amount,  ^le  Isotc^s 
were  Interchanged  to  study  the  Importance  of  Isotc^  effects  and  to  explore 
a  possible  exchange  with  residual  oxygen  left  In  the  bulk  of  the  silver.  Both 
effects  exist  but  were  found  not  to  change  the  results  significantly. 

18 

The  0  g,  admitted  at  a  prassure  of  O.65  mm  Hg,  was  taken  up 

quantitatively  to  give  a  coverage  of  0.II6  cc.  0.139  cc  of  O^^g  were  then 

admitted.  It  Is  seen  from  the  Figure  that  there  Is  now  an  Immediate  evolu- 
1.6  1.8 

tlon  of  ,  leading  to  a  relatively  fast  Isotopic  equilibrium.  Ibe 

16  1.8 

half-life  for  the  0  0  foniatlon  now  Is  less  than  3  minutes  as  cosqmred 
to  a  few  hours  In  the  first  run.  This  In  spite  of  the  fact  that  the  oxygen 
coverages  differ  only  by  a  small  factor.  Obe  other  runs  made  gave  results 
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Intenaedlate  betveen  tb«  two  eases  discussed. 

Tbe  essential  difference  between  the  two  runs  Is  that  in  the 
first  all  atonic  sites  are  covered  with  the  first  adnltted  dose  of  oxygen. 

The  second  dose  of  oxygen  then  has  to  cover  nolecular  sites.  In  the  second 
case,  at  least  the  larger  part  of  the  second  dose  of  oxygen  Is  also  adsorbed 
on  atomic  sites.  This  accounts  for  the  very  rapid  initial  exchange  In  the 
second  case. 

We  conclude  from  our  experiments  that  there  are  distinct  atomic 
and  nolecular  sites  on  the  silver.  This  point  had  not  been  clear  until 
now!^)*<^) 

l6 

The  huDQ)  In  the  0  g  curve  Is  probably  not  an  e^qperlmental  Inaccuracy, 
but  Is  due  to  a  surface  rearrangement  taking  place.  Spontaneous  gas  evolutions 
of  this  type  are  visible  on  many  of  the  curves  and  also  appeared  In  some  of 
our  pressure-teaqperature  ejqperlments  at  about  200*C. 


3.  Results  with  Sparked  Powders 


a.  Bxperimental;  Silver  (Vl)  and  sUver-gold  alloy  vires  were  produced  firom 
purest  materials  available  (better  than  99.9991()  ty  levitation  melting  and 
swaging.  Tests  by  solid  mass-spectrometry  showed  that  tbe  low  Inpurlty  level 
was  maintained.  Tot  carbon  removal,  the  vires  were  heat-treated  at  teiqpera- 
tures  above  7S0*C  for  3  days  In  oxygen.  The  wires  were  then  spaiked  under 
high  purity  water  for  production  of  a  fine  powder.  (Ibr  details,  cf .  Final 
Report).  The  reaction  vessel,  of  about  18  cc  voloae,  consisted  of  a  q.uartz 
bulb  Joined  to  Tfvax  tubing,  a  thermistor,  a  small  "finger”  for  condensing 
water  or  condensable  Impurities,  and  a  Hoke  metal  valve. 
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The  cleaning  treatnent  finally  adopted  vas  the  following: - 
before  filling  In  the  powder,  the  system  was  degassed,  with  the  quartz 
bulb  kept  at  about  600*C  and  the  remainder  of  the  system  at  200*C.  Occasion¬ 
ally  small  amounts  of  0^  were  admitted  for  cleaning  the  surfaces.  The  powder 
was  then  deposited  In  the  quartz  bulb  and  the  system  closed  by  means  of  a 
flame  (to  avoid  any  contact  with  carbonaceous  gases).  After  evacuation 
the  tenq^rature  was  gradually  raised  to  the  given  maximum  degassing  tenpera- 
tujre.  Oxygen  and/or  hydrogen  were  admitted  at  certain  Intervals  at  a  gradually 
decreasing  pressure  to  clean  the  surfaces.  The  gases  were  occasionally  pumped 
Into  a  mass  spectroawter  for  analysis.  This  vas  done  either  directly  via  a 
dry  Ice  trap  or,  for  cleaner  work,  by  condensing  the  Impurities  In  a  liquid- 
nitrogen  cooled  trap  and  subsequent  warming  up  of  the  trap  after  Isolating 
the  reaction  vessel.  Kach  time  before  a  new  run  was  made,  the  powder  was 
brought  close  to  the  maximum  degassing  tenq^rature  and  subjected  to  treatment 
with  oxygen  (or  hydrogen)  at  decreasing  pressures,  down  to  10*^  -  10**^  mm  Hg, 
followed  by  only  a  few  minutes  final  pumping  and  chilling  to  the  reaction 
teinperature  In  helium.  In  this  way  the  diffusion  of  fresh  Impurities  (carbon 
or  oxygen)  from  the  bulk  to  the  surface  vas  minimized. 

The  areas  of  the  powders  were  measured  by  krypton  adsorption  and 
usually  were  carried  out  In  situ  after  a  certain  series  of  e:qperlments  was 
temlnated.  More  frequent  determinations  proved  laqpractlcal  because  of 
contamination  of  the  powders  by  the  measurement.  Since  a  certain  amount  of 
sintering  always  took  place  during  the  prolonged  experiments,  the  given  areas 
ma)'  In  sobm  cases  be  only  reliable  to  a  factor  of  approximately  2. 
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b.  25lt  Silver-Gold  Alloy:  ■»  Some  preliminary  measurements  were  already 
reported  (Final  Report,  p.  50)*  These  were  carried  out  after  pretreatnent 
of  the  povder  at  28o*C  vlth  oxygen.  An  approximate  temperature  dependence 
of  the  half  life  ^  of  the  0^  2  2  reaction  Is  shown  In  Fig. 

curve  1.  A  pressure-tesgwrature  plot  was  already  given  In  the  Final  Report 
(Fig.  la).  It  shoved  the  same  general  characteristics  as  previously  obtained 
with  100^  silver,  but  the  adsorption,  both  at  -193 *C  (physical)  and  above 
room  tenqperature  (chemical)  was  stronger  with  the  alloy.  !lbls  Is  In  part 
due  to  the  larger  surface  area  of  the  alloy,  which  was  determined  to  be 
14,000  cm  (1.3  0n).  The  coverage  amounted  to  only  1.3^  of  a  monolayer. 

The  powder  was  then  further  degassed  and  treated  with  hydrogen 
up  to  300*C.  Two  pressure-teniperature  curves  thus  taken  are  shown  In  Fig.  4« 

Again  the  same  type  of  behavior  Is  seen,  but  the  adsorptions  are 
now  weaker  than  In  the  first  run  (Final  Report,  Fig.  19 )  because  of  the 
higher  relative  oxygen  coverage. 

Ibe  Isotopic  oxygen  exchange  reaction  was  also  measured  again. 

The  results  are  shown  In  Fig.  3/  curve  2.  The  first  4  points,  giving  a  good 
straight  line,  i>olnt  3  vas  taken  1  day  later,  point  6  2  days  later.  The 
deviation  of  the  last  point  from  the  straight  line  probably  Indicates  poison¬ 
ing  of  the  surface  at  the  relatively  low  temperatures. 

The  surface  area  at  the  end  of  these  experiments  amounted  to 
1,600  cm  .  This  Is  9  times  smaller  than  the  area  found  after  run  No.  1 
(curve  1).  The  exchange  rate  Is  about  20  times  slower  than  In  nin  No.  1. 

The  discrepancy  by  a  factor  of  2  may  be  due  to  the  uncertainty  In  the 
surface  areas  at  the  actual  time  of  the  runs,  (see  above,  p.  12).  At  any 
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rate,  tbe  pretreatment  of  higher  temperatures  and  cleaning  vlth  hydrogen 
does  not  seem  to  have  had  a  considerable  effect  on  the  rates  observed  above 
200 *0. 

c.  4^t  Sllver-Ctold  Alloy; -  This  sample  was  pretreated  with  oxygen  to  280*C. 

A  pressure-temperature  curve,  shown  In  Fig.  vas  then  taken.  The  curve 
Is  similar  to  the  previous  curves  but  the  amount  of  chemisorption  now  was 
much  smaller;  It  only  caused  a  25^  pressure  drop  before  the  pressure  Increase 
at  200*0.  This  conflzms,  at  least  qualitatively,  that  the  concentration  of 
silver  on  the  surface  Itself  has  actually  become  smaller  and  that  spark 
erosion  Is  a  suitable  method  for  the  production  of  alloy  surfaces. 

The  results  of  the  oxygen  exchange  measurements  are  Indicated 
In  Fig.  6,  Ag  4^.  The  half-life  at  200*0  Is  seen  to  be  about  one  half  of 
the  half-life  obtained  with  Ag  2?^.  (The  latter  curve  Is  the  same  as  the 
upper  curve  In  Fig.  3* )  The  surface  area  was  7400  cm  ,  as  compared  with 
l600  cm  of  the  zyft  sample.  The  rate  per  unit  area,  therefore  was  only  about 
2  times  lover  for  the  4^  sanple  while  tbe  sliver  content  was  about  6  times 
lower  than  for  the  23^  sample.  Thus,  the  rate  of  the  dissociative  exchange 
reaction  per  surface  silver  atom  appears  to  be  slightly  Inqproved  by  the 
dilution  of  the  silver.  Also,  the  apparent  activation  energy,  calculated 
from  the  curves  appears  somewhat  decreased  (29,300  as  coopared  to  33/000 
cals/mole ) . 

The  dilution  effect,  however,  appears  considerably  greater  ^n 
CGBQMirlng  the  2  alloy  curves  with  the  corresponding  curves  obtained  with 
a  silver  sample  prepared  by  the  same  method  ("Ag  VI"),  as  described  later. 


In  Table  ?  results  of  a  desorption  experiment  are  given,  per¬ 
formed  Immediately  after  the  last  exchange  experiment  on  the  4^  alloy 
at  194 *C.  l%ie  reaction  vessel  was  evacuated  for  about  10  seconds,  when 
the  gas  phase  contained  about  23.6^  (see  analysis,  first  line). 

The  subsequent  samples  collected  by  desorption  from  the  surface  are  still 
not  In  equilibrium  with  respect  to  The  expression  / 

18 

Z”®  2-7  ^  equal  to  the  equilibrium  constant  ■  4  If  the 

gas  was  rapidly  randomized  on  the  surface.  The  lack  of  equilibrium  Is  In 
agreement  with  the  results  already  reported  with  100^  silver  (Ag  V,  Chapter 

18  18 

IV  2).  The  ratio  0"^  g/O  g,  given  in  the  last  column,  shows  that  the  gas 
gradually  becomes  richer  In  0^^.  This  must  be  due  to  0^^  retained  In  the 
bulk  during  the  degassing  period  appearing  at  the  surface.  An  Isotope  effect 
would  give  a  change  In  the  opposite  direction.  The  effect  Is  much  stronger 
with  pure  silver. 

d.  100^  Silver  (Ag  VI);-  The  previous  e;q?erlment8  with  pure  silver  had  been 
carried  out  with  a  powder  from  commercial  sources.  The  uptake  of  oxygen 
at  room  temperature  had  been  found  to  be  very  slow  (cf.  Final  Report).  This 
suggested  that  the  silver  surface  mlc^t  not  be  atomically  clean.  Furthezmore 
the  strong  paramagnetism  found  (by  means  of  the  low  temperature  parahydrogen 
conversion)  ^en  the  silver  was  pretreated  with  hydrogen  also  suggested  the 
presence  of  Impurities.  For  this  reason,  and  also  In  order  to  permit  a 
better  conqparlson  with  the  performance  of  the  alloy  powders,  a  silver  powder 
(Ag  VI)  produced  by  our  sparging  method  was  tested.  For  comparison,  the 
same  e:qperlfflents  were  performed  after  hydrogen  -  and  after  oxygen  -  pretreat- 
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d-1.  ^-pretireated  Silver:  The  povder  was  cleaned  with  oxygen  up  to 
420 *C  and  vas  then  treated  for  several  hours  with  hydrogen  up  to  500 *C  at 
pressures  up  to  1  cm.  On  pumping  a  slov  desoxptlon  of  gas  was  observed  at 
500 *C  >rtilch  at  first  mainly  consisted  of  hydrogen,  but  later  mainly  of  water 
vapor.  After  1  hour  about  6  x  10~^  mm  gas  was  collected  In  the  l8  cc  volume 
of  the  reaction  vessel  In  4  minutes;  over  85^  of  this  was  water  vapor.  At 
400*C  no  measurable  desoxptlon  occurred  In  the  sas»  time  span.  In  this  state 
the  vessel  was  cooled  to  -195*0  and  a  pressure-temperature  run  was  mads  with 
oxygen.  Fig.  7  shows  the  result.  Contrazy  to  the  previous  results  obtained 
^  with  silver,  a  fast  chemisorption  to  very  low  pressures  (.w  10  mm)  took  place 
at  -86*0,  the  lowest  tenq^rature  at  which  the  continuous  tenperature  rise 
started  (cf.  Final  Report,  p.  7)*  ^  physically  adsorbed  gas  desorbing  at 

-86*C  Is  seen  to  be  readsorbed  izmnedlately.  The  fast  uptake  probably  is 
characteristic  for  a  clean  surface. 

When  the  powder  was  evacuated  for  2  hours  at  500*C,  further 
desoxptlon  of  water  was  observed.  The  sample  was  then  cooled  to  -195*0 
and  the  parahydrogen  conversion  was  measured.  A  fast  conversion  was 
obtained  with  a  half-life  of  only  2  minutes.  A  previous,  presumably  less 
pure,  silver  sample  (Ag  Tf,  Final  Report,  p.  27)  has  given  a  similar  result. 

It  was  then  tentatively  concluded  that  the  strong  paramagnetism  causing  the 
observed  conversion  Is  probably  due  to  carbonaceous  Inqpurltles .  In  view 
of  the  fact  now  observed  that  large  amounts  of  hydrogen  are  retained  by  the 
surface.  It  Is  more  likely  that  this  main  Impurity,  presumably  In  foxm  of 
OH  ions.  Is  the  cause  of  the  paramagnetism  (see  Discussion). 

After  punning  oveml^t  at  room  tenperature  the  Isotopic  oxygen 
exchange  reaction  0  g  +  0  g  — ^  2  was  measured.  The  results 
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are  presented  In  Table  4 .  The  "half -Ilf e  't  "  vas  calculated  under  the 

assumption  of  an  exponential  decay  between  two  subsequent  measurements, 

the  equilibrium  value  of  being  given  by  an  equilibrium  constant  ■  4. 

l6  i8 

For  a  roughly  equimolar  mixture  of  0  ^  and  0“^  g,  the  equilibrium  concentra- 

l8  l8  l6  id 

tlon  of  0  0  Is  50^*  As  seen,  a  fairly  fast  formation  of  O’**  O’**”  now  occurred 

at  room  temperature,  not  previously  obtained  with  the  other  silver  samples. 
l6  id 

!nil8  must  be  a  true  2  *  ^^2  ^  clean  surface.  An  exchange  of 

oxygen  with  an  adsorbed  OH  Ion  (or  any  impurity  oxide)  would  lead  to  a  decrease 

id  16  id 

In  the  0"^  2  concentration,  initially  equal  to  the  increase  in  : 

•OH^^  +  0^®2  — ^  This  was  not  found  to  be  the  case  at  room 

tenqperature .  The  continuous  slowing  down  of  the  reaction  ( increasing  '2>'  )  Is 

probably  due  to  poisoning  by  impurities  arriving  at  the  surface  from  the  bulk 

or  the  gas  phase. 

d-2.  Oxygen-Pretreated  Silver;  After  alternate  oxygen  treatment  and 
pumping  for  24  hours  at  500*’C,  a  pressure-temperature  run  was  again  made. 

As  Figure  8,  curve  1, shows,  again  a  strong  uptake  was  obtained  at  low  tempera¬ 
tures.  The  rate  of  chemisorption  was  not  as  high  as  after  hydrogen  pretreat¬ 
ment  (Fig.  7),  but  the  percentage  of  surface  covered  with  oxygen  probably  was 
larger  in  the  present  case  because  of  a  decrease  in  surface  area  that  may  have 
occurred  during  the  high  temperature  treatment  between  the  two  series  of 
measurements.  The  absolute  amounts  of  oxygen  admitted  to  the  system  were  the 
same.  With  a  surface  area  determined  to  be  13^0  cm^  (for  about  1-1/2  ga  of 
silver)  the  coverage  now  amounted  to  about  0.1  monolayers.* 


Note:  The  oxygen  coverage  in  all  cases  was  calculated  as  though  the  oxygen 
was  physically  adsorbed,  l.e.  by  assigning  to  the  adsorbed  oxygen  "molecule 
an  area  of  I6  A^.  This  was  done  because  the  true  number  of  adsorption  sites 
was  not  known. 
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A  second  dose  of  gas  was  added  on  the  following  day  at  room 
tenqperature  to  give  a  total  coverage  of  about  0.3  monolayers.  !nie  curve 
obtained  (Fig.  6,  curve  2)  now  resembled  the  curves  obtained  with  the  less 
pure  silver  powders  (Final  Report,  Fig.  10):  the  chemisorption  Is  now  much 
slower  and  more  Incomplete  before  It  becomes  reversible  at  230*C  (changing 
slope).  In  part,  this  behavior  may  have  been  due  to  accumulation  of  In^urltles 
during  the  long  time  elapsed  since  cleaning  of  the  surface.  Some  condensable 
Impurities  were  now  detected  In  the  £^s  phase.  !Ihe  pressure  dips  Indicated 
In  curve  No.  2  occurred  when  the  glass- "finger"  was  Immersed  In  liquid  nitrogen. 

mie  strong  and  fast  chemisorption  with  Ag  VI,  Irrespective  of  whether 
hydrogen  or  oxygen  pretreated.  Indicated  that  the  sample  prepared  by  the  spax^c- 
Ing  method  has  an  atomically  cleaner  surface  than  the  previous  commercial  samples 
(Ag  I-V,  Final  Report). 

The  0  2  +  O'*'  2  reaction  was  also  remeasured  on  the  oxygen-pretreated 
surface.  The  results  are  again  similar  to  those  obtained  for  the  hydrogen  pre¬ 
treated  surface,  although  the  rates  are  now  somewhat  lower  at  room  temperature. 

As  seen  from  Table  5,  an  exchange  occurred  at  room  temperature  having  an 
apparent  half-life  changing  from  about  12CX)  to  13,000  minutes,  as  compared  to 
350  to  3400  minutes  with  the  -pretreated  sample. 

It  can  be  seen  from  both  Tables,  4  and  5»  that  above  200 *C  the 
amount  of  O'*"  o’*"”  formed  Is  Just  about  equal  to  the  amount  of  0  2  disappear¬ 
ing  with  time  from  the  gas  phase.  The  fact  that  the  oxygen  pretreated  sample 
shows  the  same  effect  (compare  also  Final  Report,  page  31)  proves  that  the 
exchange  Is  not  caused  by  the  presence  of  hydrogen:  -0 
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ISie  reaction  taking  place  here  appears  to  be  an  exchange  of  0  _ 
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with  dlssociatively  adsorbed  0^^  (which  can  be  considered  a  surface-"oxlde" ). 
This  In  turn  at  higher  temperature  rapidly  exchanges  with  oxygen  in  the  sub¬ 
surface  layers,  not  successfully  removed  during  the  pumping.  The  surface  — 
sub-surface  exchange  Is  so  fast  that  most  of  the  dlssociatively  adsorbed 
surface  gas  remains  0^^.  The  effect  is  a  consequence  of  the  very  high 
solubility  of  oxygen  in  silver.  The  exchange  with  the  sub-surface  is  slow 
at  200*C,  (the  temperature  chosen  for  the  experiments  with  pre-adsorbed  oxygen  - 
Chapter  IV  1),  but  rapidly  increases  as  the  temperature  is  raised.  At  the 
higher  temperatures  also  a  rapid  depletion  of  the  oxygen  from  the  gas  phase 
was  noticed,  (in  the  later  experiments  with  palladium  where  similar  effects 
were  noticed,  argon  was  admixed  to  the  oxygen  allowing  the  observation  of 

sorption  effects  from  a  change  in  the  argon/oxygen  ratio). 

X0 

Both  effects,  the  change  of  the  0"^  2^®  2  sorption 

of  oxygen,  are  connected  with  the  same  phenomenon,  viz.  an  increase  in  mobility 
of  successive  layers  as  the  temperature  rises,  beginning  with  the  surface  layer 
itself  at  about  200*0. 

The  results  of  the  exchange  on  Ag  VI  are  also  plotted  in  Fig.  6. 

The  points  do  not  lie  on  a  good  straight  line  because  of  the  dependence  of 
the  rate  on  prehistory.  (The  powder  was  pumped  before  the  high  temperature 
point  was  taken. )  Nevertheless  the  comparison  with  the  Ag-Au  alloys  shown 
in  the  same  Figure  is  valid.  At  200 ®C  no  effect  of  prehistory  is  found  and 
the  rate  at  this  temperature  is  far  below  the  rates  found  with  the  alloys.  A 
good  straight  line  was  obtained  with  the  23$  Ag-Au  alloy.  The  solubility  of 
oxygen  in  the  alloys  is  considerably  lower^  ^  ^  than  in  pure  silver  and,  accord- 

xs 

ingly,  no  change  in  the  0^2/®^  2  found  with  the  alloys. 
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A  temperature-rise  experiment  was  carried  out  In  presence  of  water 
vapor.  In  this  experiment  the  sliver  powder  was  Initially  kept  at  -4l*C  and 
a  small  amount  of  water  In  the  finger  next  to  the  reaction  vessel  was  main¬ 
tained  at  -45*  by  means  of  a  thermistor  controlled  iso-octane  bath,  cooled 
by  a  stream  of  cold  nitrogen  (cf.  Final  Report,  Fig.  2).  A  standard  amount 
of  oxygen  was  admitted.  The  result  Is  shown  In  Fig.  9*  high  pressure 
peak  probably  Is  of  no  particular  physical  significance.  It  appears  to  be 
due  to  rapid  desorption  of  a  large  quantity  of  water  Initially  adsorbed  on  the 
silver.  Reestablishment  of  the  equilibrium  pressure  with  the  water  kept  at 
-45*  was  slow.  The  chemisorption  of  oxygen  above  this  temperature  is  seen 
to  be  very  slow.  At  +91*C  the  water  was  condensed  by  placing  a  liquid  nitrogen 
bath  on  the  finger  containing  the  water.  An  appreciable  pressure  is  seen  to 
remain  In  the  gas  phase.  In  the  absence  of  water  (Fig.  8)  the  pressure  had 
practically  vanished  at  this  temperature.  The  direct  chemisorption  of  oxygen 
Is  thus  strongly  Inhibited  by  water. 

V 

On  evaluating  the  amount  of  oxygen  adsorbed,  we  find  that  about 
l/4  of  the  oxygen  in  the  vessel  Is  already  adsorbed  at  -45*C.  The  estimate 
Is  uncertain,  particularly  because  it  Is  based  on  the  assumption  that  the 
thermistor  voltages  obtained  for  the  two  gases  (O^,  R^O)  are  additive. 

After  cleaning  the  surface  again  at  500 *C,  the  adsorption  of  water 

as  a  function  of  coverage  was  measured  at  5  different  ten^ratures.  The  heat 

of  adsorption,  determined  from  these  isotherms,  showed  a  maximum  of  about  1/5 

coverage  (as  high  as  50,000  cals/mole).  Such  behavior  has  been  previously 
(5) 

reported'  ;  however,  before  drawing  conclusions,  we  Intend  to  check  the 
reliability  of  the  results.  The  slowness  of  establishment  of  the  equilibrium 
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and  the  relatively  small  surface  area  presents  considerable  experimental 
difficulties . 

Further  work  will  have  to  be  done  on  the  system  Ag  +  0^  +  ^0 
at  low  temperatures.  In  particular,  the  exchange  reactions  In  the  presence 
of  water  has  not  been  studied  yet. 

4.  Surface  Rearrangement  Effects 

^e  small  pressure  peak  found  in  the  pressure-tenqperature  curve 
of  Fig.  4,  curve  1  Is  probably  real  and  is  of  the  same  type  as  the  pressure 
bursts  found  In  the  oxygen  exchange  experiments  on  silver  V  (Fig.  2).  nie 
phenomenon  was  observed  at  about  200 *C,  l.e.  at  the  tenqperature  at  which 
the  silver  surface  becomes  reactive  (OO^  formation,  start  of  reversibility 
of  the  oxygen  adsorption).  Some  kind  of  surface  rearrangement  appears  to 
take  place.  This  Is  possibly  a  rearrangement  of  the  metal  surface  as  recently 
observed  by  Germer'  '  with  nickel  by  means  of  his  low  energy  electron  diffraction 
technique.  Spontaneous  gas  desorptions  and  readsorptions  as  observed  by  us 
do  not  seem  to  have  been  previously  reported. 


5.  Results  with  Palladium  (Pd  I) 

A  palladium  powder  was  tested  by  the  saine  methods  as  described 

for  silver,  gold  and  their  alloys.  The  powder  was  supplied  by  Engelhard 

Industries  and  guaranteed  to  be  of  99.99l>  purity.  4.0  gm  were  used  In  a 

vessel  of  l8  cc.  The  surface  area  (at  the  end  of  the  experiments)  was  ^100 
2 

cm  . 


a.  Degassing;  ^e  powder  was  degassed  for  a  period  of  two  weeks  at  a  slowly 
Increasing  temperature  up  to  550®C.  Addition  of  oxygen  was  found  to  Increase 
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the  rate  of  CO^  evolution.  The  oxygen,  added  at  a  pressure  of  about  1  nm  Hg, 
was  taken  up  almost  quantitatively.  Contrary  to  the  rare  metals  used  so  far, 

Pd  forms  a  stable  oxide  phase  at  these  pressures.  In  order  to  avoid  possible 
complications  due  to  residual  OH  on  the  surface,  no  hydrogen  was  used  for 
cleaning. 

b.  Exchange  with  Preadsorbed  0  After  a  final  pre treatment  at  550 *C  at 

decreasing  oxygen  pressures  down  to  lO"^  mm  followed  by  1  minute  pumping, 

the  powder  was  cooled  to  room  temperature.  Small  successive  doses  of  0'*'  ^ 

were  then  adsorbed.  The  uptake  was  fast  and  practically  quantitative  to  a 

coverage  of  about  750  cm  (cf.  note,  page  l8).  No  desorption  took  place  on 

pumping.  1  mm  Hg  of  0^^,.  was  then  admitted.  No  Isotopic  exchange  was  found 

within  64  hours. 
l8 

c.  O'*"  2  +  2  After  short  pumping,  10  mm  of  the  Isotopic  mixture 

were  admitted.  Practically  no  exchange  was  found  at  rocaa  temperature  and  up 

to  100*C.  In  order  to  follow  the  oxygen  loss  by  sorption  at  higher  tempera¬ 
tures,  a  small  amount  of  argon  was  added  to  the  Isotopic  mixture  and  a  new 
run  was  made.  Table  6  gives  the  results  obtained  on  two  successive  days. 

The  uptake  of  oxygen  can  be  seen  from  the  Increase  In  the  argon  percentage 
in  the  gas.  The  reaction  rates  per  unit  area  at  elevated  temperatures  are  of 
the  same  order  as  with  silver  -  faster  than  with  Ag  VI,  but  slower  than  the 
commercial  silver  samples.  Even  more  than  with  silver,  the  rates  are  uncertain 

at  the  highest  ten^ratures  due  to  the  fast  bulk  uptake  of  oxygen.  The 

l6  l8 

apparent  activation  energy  for  the  formation  on  the  Pd  Is  roughly 

55>000  cals/mole. 

d.  Oxygen  Exchange  In  Presence  of  Water;  8.5  mm  Hg  of  water  vapor  and  an 

l8 

equal  amount  of  a  0  g  +  O’*"  ^  +  A-  mixture  were  brou^t  in  contact  with  the 
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palladlvan  at  room  temperature,  ^e  results  of  this  run  are  given  In  the 

l6  X8 

first  part  of  Table  7.  It  Is  seen  that  no  was  formed  at  room  teaipera- 

10 

ture  In  6  days.  Some  was  formed  at  150*0  In  k6  minutes.  After  punq^- 

Ing  the  gas  through  a  liquid  nitrogen  trap,  the  contents  of  the  trap  were 

released  Into  the  spectrometer  and  -  surprisingly  -  were  found  to  contain 
X0 

water  of  6^6  O"*"  content. 

In  a  better  controlled  experiment,  the  powder  was  first  carefully 

cleaned  and  degassed  at  5‘'0*C.  The  vessel  was  then  saturated  with  water 

vapor  of  9.8  n®  pressure  (in  equilibrium  with  liquid  water  at  11 *C),  while 

the  powder  was  kept  at  300*0.  The  water  vapor  was  then  condensed  In  the 

finger  kept  at  liquid  nitrogen  temperature  and  the  metal  powder  was  cooled 

to  room  tenqierature .  8.5  mm  of  the  oxygen  mixture  were  then  admitted.  The 

measurements,  given  In  the  same  Table  7  show  that  no  0  ”0'‘’®  was  formed  at 

room  tenq)erature  or  at  150*0  within  one  hour.  After  6  days  at  room  temperature, 

10 

still  no  change  in  the  0'‘'°0'^  concentration  was  found.  However,  the  water 

10  10 
again  was  found  to  be  enriched  in  0  j  it  contained  • 

The  only  interpretation  which  we  can  offer  at  present  is  that  the 

oxygen  chemisorption  on  the  palladium  is  irreversible,  while  the  water 

adsorption,  at  least  In  part.  Is  reversible.  An  exchange  between  adsorbed 

X0 

oxygen  and  water  takes  place  on  the  surface.  The  then  exchanges  with 

l6  10 

water  in  the  gas  phase,  while  the  remains  bound  to  the  surface  or 

diffuses  Into  the  bulk. 

It  appears  that  at  low  temperatures  and  In  the  presence  of  water 
the  activation  of  oxygen  on  a  palladium  (ai.d  also  silver)  electrode  would 
involve  an  OH  ion  or  radical  rather  than  the  dissociation  of  oxygen  on  the 


bare  metal. 
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e.  EQttlllbrlum  Oxyaen  Presaure  over  Pd;  Inmedlately  after  the  exehanse 
experiment^  the  oxygen  pressure  over  the  oxygenated  Pd  powder  was  measured 
for  a  continuously  rising  teo^erature  (see  Figure  10).  The  pressure  was  not 
In  equilibrium  with  the  system.'  Several  equilibrium  points  were  then  taken 
in  the  region  of  ^*C  by  (a)  allowing  a  dose  of  oxygen  to  absorb  and  to  com 
to  equilibrium  and  (b)  by  punqping  som  oxygen  off  and  allowing  the  pressure 
to  COM  to  a  stationary  value.  Equilibrium  is  only  slowly  established  at 
this  relatively  low  tenq^erature.  Ibe  points  in  Fig.  10  thus  obtained  are 
seen  to  lie  approximately  on  a  straight  line  obtained  by  extrapolating  the 
log  equilibrium  pressure  versus  l/T-curve  for  the  dissociation  of  Pd  0 
(taken  frost  literature^ down  to  the  lower  temperatures. 

In  the  final  cleaning  stages  of  the  paUadlum  the  oxygen  admitted 
was  kept  below  this  pressure  (<^  10  mm  at  ^*C). 
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V.  FURTHER  DISCUSSION  AW)  OONCLIBIONS 

By  means  of  an  Improved  masa  spectronetrlc  technique,  the  ejqperl- 
menta  with  pre-adaorbed  oxygen  on  silver  (Ag  V)  have  now  shown  a  considerable 
amount  of  detail  about  the  nature  of  the  adsorbed  phase  and  the  kinetics  of 
the  lsot(q;>le  exchange  reaction.  The  existence  of  a  molecular  as  well  as  an 
atcmlc  chemisorption  has  now  been  very  clearly  demonstrated.  Tbe  two  types 
of  chemisorption  occur  on  distinct  sites:  there  Is  a  sharp  transition  from 
atomic  to  molecular  chemisorption  as  the  coverage  Increases.  Obviously 
at  higher  teoQMratures  -  as  the  coverage  decreases  at  constant  pressure  - 
the  atomic  adsoiptlon  will  become  the  prevalent  form.  Also  the  rate  constant 
of  the  surface  exchange  will  become  faster  and  may  overtake  the  rate  constant 
for  desorption  of  the  molecules.  The  rate  of  ad-  and  desorption  will  then 
be  equal  to  the  overall  exchange  rate.  This  Is  the  case,  for  exanple,  with 
hydrogen  on  transition  metals  like  platinum  or  nickel  >dileh  form  reversible 
hydrogen  electrodes.  An  electrochemical  Investigation  of  the  transition  to 
this  state  would  be  of  great  Interest. 

At  the  time  when  these  exchange  experiments  were  perfoxned.  It  was 
not  yet  realized  that  the  hydrogen  used  for  cleaning  the  surface  at  high  tempera¬ 
tures  was  tenaceously  held  to  the  surface.  Therefore,  to  make  quite  sure  that 
our  conclusions  are  correct,  some  conflznlng  experiments  with  pre-adsorbed 
oxygen  will  be  made  In  the  future. 

The  experiments  on  Ag  VI  and  the  silver-gold  alloys  prepared  by 
the  same  method  have  shown  a  striking  Increase  In  the  exchange  rate  at  elevated 
temperatures  as  the  silver  becomes  more  diluted.  In  the  following  table  the 
half-lives  are  given  for  silver  Ag  VI  and  the  two  silver-gold  alloys  at 
220 *C.  The  product  T  x  A  reduces  t  to  equal  areas.  The  gas  volume  was  the 
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same  In  all  cases,  f  Is  the  fraction  of  silver  In  the  alloys. 


TABLE  8 

HALF-LIVES 't  FOR  SILm  AND  SILVER-GOLD  ALLOYS  AT  220*C 


Hlalf-llfe 

mins. 

Area  A 
meter® 

r  X  A 
min.  m® 

rx  A  X  f 
min.  m® 

Apparent  Activation 
Energy  cals /mole 

Ag  VI 

10,000 

0.133 

1,330 

1,330 

43,000 

25^  Ag-Au 

520 

0.205 

107 

27 

33,500 

Ag-Au 

270 

0.7^^0 

200 

8 

29,500 

On  comparing  the  rates  on  a  basis  of  equal  silver  content  (column  T  x  A  x  f ), 

It  Is  seen  that  the  alloy  produces  an  exchange  rate  170  times  faster  than 
the  pure  silver.  Also,  the  activation  energy  Is  lower  for  the  alloys.  From 
this  It  appears  that  the  alloys  may  have  Interesting  oxygen-electrode  proper¬ 
ties  at  elevated  temperatures. 

When  we  compare  the  properties  of  the  sparked  silver  sample  Ag  VI 
with  those  of  the  previously  studied  silver  samples  of  commercial  origin  some 
remarkable  differences  become  apparent  which  probably  are  connected  with  the 
mods  of  preparation.  Sample  Ag  VI  gave  a  fairly  fast  exchange  at  room  tenq;>era- 
ture,  but  Its  activity  at  elevated  temperatures  was  low.  On  the  other  band, 
the  silver  powders  of  commercial  origin  previously  studied  gave  no  activity 
at  room  temperature  but  were  more  active  at  elevated  temperature.  Also, 

Insplte  of  the  more  prolonged  heat  treatment  at  higher  ten^ratures  given  to 
the  sparked  sample  Ag  VI,  It  underwent  less  sintering  than  the  cosmerclal 
sample8[  and  Its  surface  area  remained  larger. 
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A  microscopic  study  of  the  surface  structure  of  the  various 
samples  to  be  carried  out  may  show  some  Interesting  differences. 

Fretreatment  of  sliver  with  hydrogen  at  ^00 In  addition  to  the 
oxygen  treatment  produced  a  more  active  -  presumably  cleaner  -  surface  at 
room  ten^rature,  but  part  of  the  hydrogen  was  retained  and  only  slowly 
desorbed  as  water  In  1-2  days  at  500*C.  No  direct  effect  of  the  retained 
hydrogen  on  the  oxygen  exchange  rates  -  by  exchange  with  OH-groups  -  could 
so  far  be  established.  The  retained  hydrogen  may  have  been  the  source  of 
the  strong  paramagnetism  found  by  the  parahydrogen  conversion  after  hydrogen 
treatment,  and  not  carbonaceous  impurities  as  previously  suggested.  Probably 
AggOH  Is  fomed  on  the  surface,  \dilch  would  be  paramagnetic. 

In  no  case  was  a  reversible  oxygen  adsorption  found  at  room  tenqiwra- 
ture  In  presence  of  water.  With  silver  It  was  shown  that  the  presence  of 
water  Inhibits  the  chemisorption  of  oxygen.  In  case  of  palladium,  no  exchanged 
oxygen  was  found  In  the  gas  phase  although  the  oxygen  exchanged  with  the  water. 
This  shows  that  oxygen  on  these  metals  at  room  temperature  Is  labile  only 
In  the  form  of  -OH. 


li 
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VI.  PROGRAM  FOR  THE  NEXT  SEC  MONTHS 

(1)  To  round  off  the  reported  studies  with  silver  and  palladium,  the  follow¬ 
ing  experiments  are  planned:  The  exchange  experiments  with  pre-adsorbed 
oxygen  on  silver  (Ag  V)  will  be  checked  to  make  sure  that  these  were  not 
Influenced  by  retained  hydrogen.  They  will  also  be  extended  to  high  pressures. 

The  kinetics  of  the  oxygen  exchange  with  water  will  be  Investigated 
and  the  theimodynamlcs  of  the  water  adsorption  will  be  further  studied. 

(2)  The  effect  of  carbonaceous  compounds  on  the  adsorption  and  exchange  of 
oxygen  on  silver  and  palladium  will  be  explored.  These  compounds  may  Include 
OOgj  ethylene  and  ethylene  dlchlorlde.  (®ie  latter  Is  known  to  cause  selective 
poisoning  of  sites  on  silver . ) 

(3)  Experiments  with  pre-adsorbed  oxygen  (similar  to  those  performed  with  Ag  V) 
will  be  performed  on  a  silver-gold  alloy  to  study  the  effect  of  alloying  on 
molecular  as  well  as  atomic  oxygen  chemisorption. 

(4)  The  experiments  will  be  extended  to  other  systems,  such  as  Pd-Ag  alloys 
and  platinum.  Other  alloys  such  as  Pt-Au  and  Pt-Rh  may  later  be  studied. 

(5)  To  prepare  a  suitable  system  for  electrode  studies  at  elevated  temperatures, 
a  cell  will  be  designed  operating,  for  the  tlxae  being,  on  fused  KOH. 

Alkali  carbonate  mixtures  and  their  solution  In  nitrates  and  chlorides, 
and  other  fused  salt  mixtures  will  be  prepared  and  their  melting  point,  conduct¬ 
ivity  and  corrosion  properties  will  be  studied  In  order  to  see  whether  they  may 
provide  a  suitable  electrolyte  for  operating  the  cell  at  moderate  tenq^ratures . 


VII.  PERSOWMEL 


Br.  Y.  L.  Sandler  and  Dr.  S.  Z.  Beer  vorlced  on  this  project  full 
tine.  The  measurementa  on  silver  Ag  V  were  carried  out  by  the  mass  spectro¬ 
meter  group  under  W.  M.  Elclcam. 

Thanks  are  due  to  Mr.  D.  D.  Durlgon  for  his  efficient  help  vlth 


most  of  the  eiqperlnents 
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IX.  OOBBUiaATlDHS  AHD  IgCTORBS 

A  consultation  concerning  the  program  of  the  project  took  place 
In  August  1962  at  the  U.  3.  Army  Electronics  Laboratoxy^  Fort  Nonmouth 
vlth  Nsssrs.  Kuxphy,  Wynn,  Franks  and  Dr.  Baars. 

A  paper  "Adsorption  Mechanism  on  Oxygen  Electrodes:  ^  Silver- 
Oxygen  System"  vas  delivered  at  the  1^2nd  National  Meeting  of  the  American 
Chemical  Society,  Atlantic  City,  September  1962. 


Oxygen  in  Gas  Phase,  cc. 
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the  Ag-Au  Alloy  and  the  Ag-Au  Alloy 
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Fig.  10  -  Oxygen  Pressure  over  Palladium  I. 


DIBIRIBUTION  LIST 
FIRST  SSMI-ABSIUL  RBFCXRT 

cowsRAcrr  no.  ia  36-039-ANC  00136  (s) 


Commanding  Officer 
U.S*A.  Electronics  Research  and 
Developnent  Laboratory 
Fort  Monmouth,  R.J. 

ATHT:  Logistics  Division 
(MARKED  FOR  FBOJECT 
EROINEER)  (la) 

ATTR:  SELRA/P  (l) 

A!nE:  Dir  of  Research/Englneerlng  (1) 

ATOSj  File  Italt  Ho.  1  fl) 

Amf:  Technical  Document  Center  (1) 

ACTT:  Technical  Infomatlon  Dlv. 
(UHCLA38IF1BD  REPORTS  OHLI 
FOR  REaSAR^l'TAL  fo 

accredubd  mvnaE  and 

CAHADIAH  aOVERHMENT 
REPRESESTATIVES)  (3) 

AXDT:  Security  Division 

(CLASSIFIED  REPORTS  OHLT 
FOR  rei!rahsmit£al  to 
ACCREDITED  BRITISH  AND 
CANADIAN  CnVERNMERT 


REIRESEHTATIVES )  (3) 

OASD  (R&D),  Rd  3E1063 
ATIH:  Technical  Library 
Cie  Pentagon 

Washington  23,  D.C.  (l) 

Chief  of  Research  and  Development 
OCS,  Department  of  the  Azny 
Washington  23, D.C.  (l) 

Commanding  Oeaeral 
U.S.A.  Electronics  Command 
ATTN:  ANSEL-AD 

Fort  Monmouth,  N.J.  (3) 

Director 

U»S.  Naval  Research  Laboratory 
A!rD[:  Code  2027 

Washington  23,D.C.  (l) 

Commanding  Officer  and  Director 

U.S.  Naval  Electronics  Laboratory 

San  Diego  5Z,  Callfoxnla  (l) 


Air  Force  Cambridge  Research 
Laboratories 
Am:  CRZC 
L.  a.  Hanscom  Field 
Bedford,  Massachusetts  ( 1 ) 

Rome  Air  Development  Center 
Arm:  RAALD 

Orlfflss  Air  Force  Base,  N.Y.  (l) 

Commanding  General 
U.S.A.  Electronics  Research  and 
Development  Activity 
ATTN:  Technical  Library 
Fort  Hhachuca,  Arizona  (l) 

Commanding  Officer 

Harry  Diamond  Laboratories 

ATTN:  Library,  Room  211,  Bldg.  92 

Conxiectlcut  Ave  &  Van  Ness  St.,  N.W. 

Washington  23,  D.C.  (l) 

Commanding  Officer 
U.S.A.  Electronics  Material  Support 
Agency 

ATTN:  SEUG-ADJ 

Fort  Monmouth,  N.J.  (l) 

Deputy  President 

U.S.A.  Security  Agency  Board 

Arlington  Hall  Station 

Arlington  12,  Virginia  (1) 

Coamander 

Armed  Services  Technical  Xofoimatlon 
Agency 
ATTN:  TISIA 
Arlington  Hhll  Station 
Arlington  12,  Virginia  (iO) 

Chief 

U.S.A.  Security  Agency 
Arlington  Hall  Station 
Arlington  12,  Virginia  (2) 

Commander 

Aeronautical  Systems  Division 
ATIN:  ASAPBL 

Wrlgtit-Fatterson  Air  Force  Base 
Ohio 


(1) 


MW!"'  ■“ 


I 

I 


-2- 

Alr  Force  Cambridge  Research  Laboratories 

AXTN:  CBXL-R 

L.  0.  Banscon  Fie.,  i 

Bedford,  Massachuaetts  (l) 

Hbadquarters 

U.S.  krmy  Material  Coamand 
Research  and  Developaent  Directorate 
Am:  AMCRD-DB-NO 

Washington  23,D«C.  (1) 

Ccanandlng  deneral 

U.S. A.  Electronics  Command 

Am:  AM3EL-RE-A 

Fort  Mozsnoutb,  N.J.  (l) 

Commanding  Qeneral 

U.S. A.  Combat  Developaents  Command 

Am:  CDCMR-E 

Fort  Belvolr,  Virginia  (l) 

Commanding  Officer 

U.S. A.  Connunicatlons  and  Electronics 
Combat  Developnient  Agency 
Fort  Huachuca,  Arizona  (1) 

Director 

Fort  Monmouth  Officer 
U.S. A.  CoBBiunlcatlons  and  Electronics 
Combat  Development  Agency 
Fort  Monmouth,  N.J.  (l) 

Air  Force  Systems  Command 
Scientific/Technical  Liaison  Office 
U.S.  Naval  Air  Development  Center 
Johnsvllle,  Pennsylvania  (l) 

Corps  of  Engineers  Liaison  Office 
U.S. A.  Electronics  Research  and 
Develppawnt  Laboratory 
Fort  Monmouth,  N.J.  (l) 

Marine  Corps  Liaison  Office 
U.S.A.  Electronics  Research  and 
Developnent  Laboratory 
Fort  Monmouth,  N.J.  (l) 

AF3C  Sclentlflc/Tlechnlcsl  Liaison  Office 
U.S.A.  Electronics  Research  and 
Develppnent  Laboratory 
Fort  Monmouth,  N.J.  (l) 


Power  Information  Center 
MOore  School  Building 
200  South  !Ihlrty>Ihlrd  Street 
Philadelphia  4,  Pennsylvania 

Dr.  Sldxxey  J.  Magram 
Physical  Sciences  Division 
Axmy  Research  Office 
3043  Columbia  Pike 
Arlington,  Virginia 

Dr.  Ralph  Roberts 
Head,  Power  Branch 
Office  of  Naval  Research  (Code  429) 
Department  of  the  Navy 
Washington  23,  D.C. 

Mr.  Bernard  B.  Rosenbaum 
Bureau  of  Ships  (Code  3^0) 
Department  of  the  Navy 
Washington  23,  D.C. 

Mr.  George  W.  Sherman 
Aeronautical  Systems  Division 
Am:  ASRMFP 

Wright-Patterson  Air  Force  Base 
Ohio 

Dr.  John  H.  Huth 

Advanced  Research  Projects  Agency 
!Ihe  Pentagon,  Room  3N137 
Washington  23,  D.C. 

Lt.  Col.  George  E.  Ogbum,  Jr. 
Auxiliary  Power  Branch  (SNAP) 
Division  of  Reactor  Development 
U.  S.  Atomic  Energy  Commission 
Washington  23,  D.C. 

Nr.  Walter  C.  Scott 
National  Aeronautics  &  Space 
Administration 
1520  H  Street,  N.W. 

Washington  23,  D.C. 

Institute  for  Defense  Analysis 
1666  Connecticut  Avenue,  N.W. 
Washington  23,  D.C. 

ATIN:  Dr.  Szego  &  Mr.  Hamilton 

Director 

Advanced  Research  Projects  Agency 
Washington  23,  D.C. 


-3- 


Conmandlng  Officer 
U.S.A.  Electronics  Research  and 
Develojment  Laboratory 
AT<EN:  SEIRA/Dr,  ARPA  Coordinator 
Fort  Monmouth,  Nev  Jersey  (l) 

Dr.  R.  0.  Schlegelmllch 
Technical  Director 
Defense  &  Space  Group 
1000  Connecticut  Avenue,  N.W. 

Washington  6,  D.C.  (1) 

Mr.  R.  A.  Osteryoung 

Atomics  International 

Canuga  Park,  California  (l) 

Dr.  David  M.  Mason 
Stanford  University 

Stanford,  California  ( 1 ) 

Dr.  Howard  L.  Recht 
Astropower,  Inc. 

2962  Randolph  Avenue 

Costa  Mosa,  California  (l) 

Dr.  R.  T.  MacDonald 
California  Research  Coii>. 

376  Standard  Avenue 

Richmond,  California  (l) 

Dr.  Ralph  Q.  Gentile 
Monsanto  Research  Corp. 

Boston  Laboratories 

Everett  49,  MassAchusetts  (l) 

Mr.  Ray  M.  Hurd 

Texas  Research  Associates 

1701  Gundalupe  Street 

Austin  1,  Texas  (l) 

Dr.  C.  E.  Heath 

Esso  Research  &  Engineering  Co. 

Box  31 

Linden,  Nev  Jersey  (l) 

Dr.  R.  J.  Flannery 
American  Oil  Ccnqiiany 
Whiting  Laboratories 
P.  0.  Box  431 

Whiting,  Indiana  (1) 


Dr.  Douglas  W.  McKee 

General  Electric  Company 

Research  Laboratories 

Schenectady,  Nev  York  (l) 

Dr.  £.  A.  Oster 

General  Electric  Co.,  DECO 

Lynn,  Massachusetts  (l) 

Dr.  Arthur  J.  Rosenberg 
TYCO,  Incorporated 
Materials  Research  Laboratory 
Bear  Hill 

Waltham  3^,  Massachusetts  (l) 

Prof.  Herman  P.  Meissner 
Massachusetts  Institute  of  Technology 
Cambridge  39>  Massachusetts  (l) 

Dr.  Donald  P.  Snowden 
General  Atomics 
P.  0.  Box  608 

San  Diego  12,  California  (l) 

Dr.  C.  Tobias 

Chemistry  Department 

university  of  California 

Berkeley,  California  (l) 

U.  S.  Amy  R  &  D  Liaison  Group 

(9831  m) 

APO  757 

New  York,  New  York 

ATTN:  Dr.  B.  R.  Stein  (l) 

Director 

U.  S.  Amy  Engineer  Research  and 
Development  Laboratory 
Port  Belvoir,  Virginia 
ATUf;  Dr.  D.  Looft  (l) 

Chief  of  Ordnance 
Department  of  the  Azmy 
Washington  23,  D.C. 

ATOT:  Mr.  J.  Crellln  (ORDTB)  (l) 

Engelhard  Industries,  me. 

Military  Service  Oeparteent 

113  Astor  Street 

Newark  2,  Nev  Jersey 

ATEN:  Mr.  V.  A.  Forlenza  (1) 


-k- 


Unlon  Carbide  Corporation  Monsanto  Research  Corporation 


(1) 


(1) 


(1) 


General  Electric  Company 

Direct  Ener^  Conversion  Operatlcms 

Lynn,  Massachusetts 

ATTN:  Mr.  E.  Oster  (l) 

General  Electric  Cosq^any 

Research  Laboratories 

Schenectady,  New  York 

ATTO:  Dr.  H.  Llebhafsky  (1) 

ESSO  Research  &  Engineering  Company 
Products  Research  Division 
P.  0.  Box  215 
Linden,  New  Jersey 

ATOKi  Dr.  N.  A.  Weiss  (l) 

Uhlverslty  of  Pennsylvania 

John  ^rrlson  Laboratory  of  Chemistry 

Philadelphia  4,  Pennsylvania 

A1!IN:  Dr.  J.  Bockrls  (1) 

Dr,  A.  Damjanovic 
University  of  Pennsylvania 
John  Harrison  Laboratory 
Philadelphia  4,  Pennsylvania  (l) 

Speer  Carbon  Conq^any 

Research  Laboratory 

Packard  Road  at  47th  Street 

Niagara  Falls,  New  Yoik 

Aim:  Dr.  W.  E.  Paiker  (1) 


Union  Carbide  Consumer  Products  Co 
ri'(0  Park  Avenue 
New  York  17,  N.Y. 

Aim:  Mr.  R.  B.  Klopfensteln 

United  Aircraft  Corporation 
Pratt  &  Whitney  Aircraft  Division 
East  Hartford  8,  Connecticut 
ATTN:  Mr.  J.  M.  Lee 

Melpar,  Inc. 

5000  Arlington  Boulevard 
Falls  Church,  Virginia 
AHN:  Mr.  R.  T.  Foley 


Boston  Laboratories 
Everett  49,  Massachusetts 
ATEN:  Mr.  R.  0.  Gentile 

(1) 

Magna  Corporation 
R  &  D  Laboratories 
1001  South  East  Street 
Anaheim,  California 
(1)  Aim*.  Dr.  Silverman 

Dr.  H.  D.  Gregor 
150  Lakevlew  Avenue 
Leonla,  New  Jersey 

(1) 


1 


